Summary Fast-growing exotic trees are widely planted in the tropics to counteract deforestation; however, their patterns of water use could be detrimental to overall ecosystem productivity through their impact on ecosystem water budget. In a comparative field study on seasonal soil-plant water dynamics of two exotic species (Cupressus lusitanica Mill. and Eucalyptus globulus Labill.) and the indigenous Podocarpus falcatus (Thunb.) Mirb. in south Ethiopia, we combined a 2.5-year record for climate and soil water availability, natural-abundance oxygen isotope ratios (δ 18 O) of soil and xylem water, destructive root sampling and transpiration measurements. Soil was generally driest under C. lusitanica with its dense canopy and shallow root system, particularly following a relatively lowrainfall wet season, with the wettest soil under E. globulus. Wet season transpiration of C. lusitanica was twice that of the other species. In the dry season, P. falcatus and C. lusitanica reduced transpiration by a factor of six and two, respectively, whereas E. globulus showed a fivefold increase. In all species, there was a shift in water uptake to deeper soil layers as the dry season progressed, accompanied by relocation of live fine root biomass (LFR) of C. lusitanica and P. falcatus to deeper layers. Under P. falcatus, variability in soil matric potential, narrow δ 18 O depth gradients and high LFR indicated fast water redistribution. Subsoil water uptake was important only for E. globulus, which had low topsoil LFR and tap roots exploiting deep water. Although P. falcatus appeared better adapted to varying soil water availability than the exotic species, both conifers decreased growth substantially during dry weather. Growth of E. globulus was largely independent of topsoil water content, giving it the potential to cause substantial dry-season groundwater depletion.
Introduction
Scarcity of wood is of increasing concern in many parts of the tropics. Plantation forestry can mitigate the pressure on natural forest resources, but relies in most cases on fast-growing exotic species to ensure high production (FAO 2003) . Although patterns of water use by these exotics are potentially detrimental to ecosystem productivity through impacts on ecosystem water budget, indigenous species have been widely neglected, even though they are generally well adaptated to their natural environment (Negash 2003) . Sustainable forestry requires knowledge of the performance of both indigenous and exotic species as influenced by climate, their effect on ecosystem processes and the regional implications particularly on dryseason river discharge (Pohjonen and Pukkala 1990, McJannet et al. 2000) .
In Ethiopia, exotic species of Eucalyptus, Cupressus and Pinus have been planted since 1900 to counteract the ongoing destruction of natural forest cover from about 20% in 1900 to less than 3% at present (de Vletter 1991) . The MunessaShashemene Forest of south-central Ethiopia is well-suited for an investigation of the effects of exotic tree species, because of its mosaic of natural forest remnants and managed plantations of different exotics. In this study, we focused on ecosystem water transfer as affected by two frequently planted yet contrasting exotic species (Cupressus lusitanica Mill. and Eucalyptus globulus Labill.) and a valuable indigenous tree species (Podocarpus falcatus (Thunb.) Mirb.).
Soil-atmosphere water transfer in forest ecosystems is mainly mediated through vegetation (Unsworth et al. 2004) . Comprehensive information on ecosystem water transfer requires application of a combination of methods. In previous studies, various combinations of measurements have been applied including soil water availability and root distribution (Yanagisawa and Fujita 1999) , soil water content, water isotopic composition and tissue carbon isotope ratio (δ 13 C; Ohte et al. 2003) , water isotopic composition, soil water content and root profiles (Le Roux et al. 1995) , sap flow, soil water content and water isotopic composition (Smith et al. 1998 ) and soil water content, sap flow and eddy fluxes (Unsworth et al. 2004) . In our study, we opted for a combination of soil matric potential (Ψ) oxygen isotope ratios (δ 18 O) of soil and xylem water, macroscopic architecture of the root system, live fine root biomass (LFR) distribution and total transpiration of the tree species in different seasons.
Soil matric potential gives information about water availability and net water movement, and δ 18 O profiles can provide information on internal sources of soil water because differences in rain water (Weltzin and McPherson 1997) and evaporation (Allison 1982) lead to isotope profiles of soil water (Melayah et al. 1996) , whereas plant water uptake involves virtually no isotope fractionation (Bariac et al. 1994) . Comparison of xylem water δ 18 O with soil water δ 18 O thus indicates the apparent depth of uptake. This method can also elucidate soil-internal hydraulic redistribution through plant roots (Meinzer et al. 2001a) , which occurs in dimorphic root systems with high fine root densities (Oliveira et al. 2005 ) and significantly reduces water stress in both semi-arid soil habitats (Richards and Caldwell 1987 , Moreira et al. 2003 , Querejeta et al. 2003 and moist tropical forests (Oliveira et al. 2005) . The integration of water flux in the stem gives a measure of net root performance and atmospheric water flux to the sites of transpiration (Wilson et al. 2001) .
Our soil-plant hydrological study was based on the hypothesis that exotic tree species alter the soil water budget with potentially detrimental effects on groundwater recharge and physiological function. We further hypothesized that the altered soil water budget is primarily a result of either species-specific mechanisms of transpiration regulation, or differences in root architecture and fine root activity affecting the exploitation of water in different soil layers.
Materials and methods

Study area
This study was conducted on the eastern escarpment of the southern Main Ethiopian Rift Valley in the MunessaShashemene Forest (7°26′ N, 38°52′ E), which occupies about 23,000 ha (Silvanova 1996) . The escarpment extends from the Rift Valley Lakes Basin at about 1600 m a.s.l. to more than 3500 m at the marginal volcano structures, and is composed of Pliocene trachytes (Benvenuti et al. 2002) . Closed, high forest ranges between 2000 and 2800 m. The study site at an elevation of 2300 m has slopes of 5-15% and a sub-humid climate. Annual rainfall is about 1500 mm, mean annual temperature is 15°C, ranging daily from 8 to 24°C. Although there is some rain throughout the year, its general pattern is bimodal, with an unreliable minor rainy season from March to May and a major rainy season from July to September. Relative humidity of the air ranges from 35 to 70% in the dry season to well above 90% during the rainy season.
Vegetation of the natural forest is dominated by the canopy species P. falcatus, Croton macrostachys Hochst. ex Del., Olea europaea ssp. cuspidata (Wall. Ex. DE) Cifferri, Schefflera abyssinica Harms and Allophyllus abyssinica (Hochst.) Radlkofer (Abate 2004) . Soils are rich in clay and show a clear altitudinal zonation (F. Fritzsche, unpublished data) owing to the homogeneous, volcanic parent material. Soils of the study plots (Table 1) were classified as Mollic Nitisols according to the WRB system (FAO et al. 1998 ) and Typic Palehumults according to US Soil Taxonomy (Soil Survey Staff 2003) . Site conditions are homogeneous, with no significant differences between the three forest types in water-transport-related parameters, texture and bulk density (Ashagrie 2005) . Analytical data concur with other studies in the same forest some 25 km to the south (Lemenih et al. 2004b ). Table 1 . Basic characteristics of the soils under the studied trees. Abbreviations: depth = the lower boundary; C org = organic carbon; N = total nitrogen; and dB = bulk density. Data adapted from Ashagrie (2005) All experiments were conducted within 1 km of each other at the same elevation, in a degraded natural forest stand dominated by P. falcatus (Abate 2004) , and in monocultures of C. lusitanica (610 trees ha -1 , planted in 1982) and E. globulus (595 trees ha -1 , planted in 1981). Trees of the two plantations had a mean diameter at breast height (DBH) of 27 and 25 cm, respectively.
Climate measurements
Climate parameters were recorded every 15 min by two µMetos automatic meteorological stations (Pessl Instruments, Weiz, Austria), one placed in an open area between the plots and another in the canopy of the natural forest (above the understory at 8 m height). The parameters most relevant for soil water budget were rainfall, wind speed and temperature, with daylight vapor pressure deficit (VPD) and solar radiation (400-900 nm) as the main driving forces of vegetation-mediated atmospheric water transfer. Potential evapotranspiration was estimated according to the Penman-Monteith equation from the open-area data.
Soil water matric potential
Single-tree-centered plots were set up in triplicate in the respective forest stands within 160 m of each other. Trees with a DBH of 20-30 cm and undamaged crowns of typical shape were selected. In April 2001, 3-4 ceramic-cup tensiometers were installed at depths of 20, 50 and 100 cm below the mineral soil surface at a distance of about 1.5 m from the boles of the sample trees. These plots were fenced and permanently guarded to avoid encroachment of animals. Additional tensiometers were installed at 200 cm soil depth in October 2001. From May 2001 until October 2003, soil water potential (measured as tensiometric potential) was recorded by the tensiometers with a needle manometer every 2 weeks during dry periods and weekly during the rainy seasons.
Stable isotope signature of water
From the nine instrumented trees, two trees per species were selected for the stable water isotope (δ 18 O) study. Samples were collected in triplicate from each tree during a period with few rainfall events after the main rainy season of 2002 (October to December). Non-green woody twigs were cut from the outer sun crown to obtain plant water unaffected by 18 O enrichment due to atmospheric water transfer from leaves (Pate and Dawson 1999) . Corresponding soil samples were taken with a Pürckhauer-type auger at depths of 20, 50, 100, 200 cm at a distance of about 3 m from the trees to avoid disturbing the plots. Soil samples from each depth were carefully cleaned of superficial contamination and removed from the auger tip. Samples were immediately transferred to gas-tight Exetainer vials (Labco Ltd., High Wycombe, U.K.). The vial atmosphere was exchanged with 1% CO 2 in helium (Linde AG, Unterschleissheim, Germany) for direct equilibration with the sampled water (Scrimgeour 1995) . Although requiring only small sample quantities, this method has been shown to yield good results particularly for clay-rich media (Kelln et al. 2001) . Samples were kept frozen until measured. All δ 18 O measurements were made at the Centre for Environmental Research (UFZ) Halle-Leipzig with a Delta S isotope ratio mass spectrometer (IRMS) coupled to a Gas Bench II application (both ThermoFinnigan, Bremen, Germany) that had been modified with a cooling device to ensure a constant temperature (19.5°C) for equilibration and to avoid water condensation in the analytical line. Measurements were performed in triplicate after equilibration for 24 h. Gas from the headspace of the vials was dried by gas diffusion through Nafion TM tubes (Perma Pure LLC, Toms River, NJ) and introduced into the IRMS after purification by gas chromatography. Isotope ratios were calculated by reference to laboratory standard CO 2 gas calibrated against international standards; samples of known isotopic composition were included in each analysis. The small differences in the isotope ratios of 18 O and 16 O were reported in delta notation by relating the measured isotope ratios R sample to the isotope ratio R st of the standard VSMOW:
where R is defined as the ratio of atomic abundance:
Reproducibility determined by repeated measurements of test samples was 0.4‰ δ 18 O (1 SD; cf. Hsieh et al. 1998) . To obtain representative δ
18 O values for the plant and soil water samples, median values are shown for six (plant samples) and four (soil samples) replicates, respectively.
Root system
Root architecture was studied by excavating one adult tree (13 cm DBH) of each species according to Böhm (1979) . Live fine root biomass of trees of comparable DBH was estimated in soil cores (8 cm diameter) obtained with an auger at depths of 0-10, 10-35, 35-60, 60-85 and 85-100 cm along three transects sampled at distances of 1, 2 and 3 m from the bole of each tree. Sampling was done for dry-season LFR in April 2002 and for wet-season LFR in August 2002. The LFR were washed from the soil cores and quantified. Root distribution data were validated by profile wall mapping (Abate 2004) .
Transpiration
Sap flow was measured on five trees of each species by the constant heat dissipation method (Granier 1987) on several days in the wet and dry seasons. Sap flux density was calculated and scaled to whole-plant transpiration by multiplying flux density by sapwood area of the sample tree. To estimate canopy transpiration of the plantations, stand sapwood area was derived from the DBH distribution and its relationship with sapwood area, according to power functions fitted to the data of Fetene and Beck (2004) . To estimate stand transpiration of the natural forest, the relationship established by Meinzer et al. (2001b) was used with an assumed mean DBH of 25 cm. Upscaling should be reliable for the uniform stands (Hatton et al. 1995) ; however, in non-uniform stands, sap flow measurements do not necessarily represent the complete canopy water flux of a forest ecosystem (Unsworth et al. 2004; Wilson et al. 2001) . Nevertheless, for comparative purposes, the calculated values allowed identification of differences between forest types, although the extent of the differences may have varied with environmental conditions.
Statistical analysis
To obtain Ψ at a given depth for one date, the arithmetic mean of all tensiometers from the three plots of each tree species was calculated.
Water tension during soil drying was compared between tree species by the Student's t test, treating the values of each date as paired samples by subtracting the arithmetic mean of one species to correct for trends. It was assumed that preconditions, including independence and normal distribution of the individual values and homogeneity of the variances, were met on these dates.
The annual course of variability in Ψ in each ecosystem was calculated after smoothing the curve of the mean matric potentials for each sampling date by their weighted neighboring values as:
for all sampling dates i.
Variances for each date were calculated from the original individual replicates by reference to these smoothed values Ψ * . Finally, the variances were smoothed by the same algorithm to obtain clearer patterns and erase artefacts at steep sections of the curves. This procedure yields a combined measure of spatial and temporal variability and thereby homogeneity and speed of water redistribution, which may help identify mechanisms of water transport. High variability indicates fast redistribution of soil water in the profile, which can be the result of preferential flow in macro-pores or hydraulic redistribution by plant roots. This variability is also affected by physiological 1046 FRITZSCHE ET AL.
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Results
Climate
Besides a seasonal pattern, rainfall, temperature, daytime VPD and solar radiation showed considerable variation on a weekly scale (Figure 1 ). The rainy season of 2002 was relatively dry, with only 75% of the rainfall that occurred in the preceding and following "normal" years. the deficiency of rain resulted in a serious drought in the region. Temperature varied seasonally by about 3°C, peaking during the minor rainy season before the major rainy season. Vapor pressure deficit paralleled solar radiation and was mainly influenced by cloud cover; it exceeded 0.5 kPa only in the dry season, reaching a maximum of 2.1 kPa.
Soil water transport and soil water availability
Surface runoff was negligible on the plots. The fine soil texture and the short distance between the plots justified the assumption of uniform matric pore systems, with homogeneous infiltration fronts in soil profiles indicating a general dominance of matric flow. No tensiometer readings were identified as outliers, even though tensiometry may have been subject to systematic errors in the dry seasons because the low unsaturated hydraulic conductivity of the soil may have retarded equilibration with the soil water after refilling, leading to a bias toward higher values. Topsoil water availability followed the seasonal course of the atmospheric water balance with only a minor lag (Figure 2 
Variability in soil matric potential
The curves of spatio-temporal variability in Ψ are shown in Figure 4 , with rainfall is included as a reference, because it increased variability during the dry seasons. Variability in Ψ was minimal for all species in the main rainy seasons. 
O values
In deeper soil layers, median δ 18 O values of about -1‰ reflected the isotopic signature of rain water in the main rainy season (Table 2) , which is consistent with values reported by Hailemichael et al. (2002) 18 O of soil water and xylem water to determine an apparent depth of water uptake (bold numbers in Table 2) showed that E. globulus took up a major proportion of soil water from below 20 cm depth throughout the study period. In contrast to the other species, P. falcatus appeared mainly to tap the topsoil, as indicated by a decline in topsoil δ
18 O values, indicating water influx. Cupressus lusitanica clearly shifted water uptake from the topsoil to deeper layers. Rainfall with a light isotopic composition before October 18 decreased soil water δ 18 O values to below 100 cm depth under P. falcatus. Xylem δ 18 O may thus have reflected the isotopic signature of the uppermost topsoil and not of the subsoil. The effect of this input on xylem water of E. globulus was minor.
Root distribution
As made visible by excavation (Figure 5 ), C. lusitanica had a rather heterogeneous flat root system hardly extending below 1 m depth with high density in upper soil layers. Podocarpus falcatus had expansive roots with tap roots extending to below 1.5 m. The root system of E. globulus was expansive, with low-biomass roots extending to a distance of more than 3.5 m and strong tap roots developing to a depth of more than 2 m.
Total LFR down to 100 cm was greatest for P. falcatus (Figure 6 , open circles), whereas C. lusitanica reached two thirds of this value and E. globulus only 20%. Depth distribution of LFR and its seasonal shifts strongly differed among the species ( Figure 6 , bar and dot chart). In the wet season, LFR of C. lusitanica showed a pronounced decrease with depth, whereas during the dry season, LFR was consistently greater with a higher proportion of LFR allocated to a depth below 35 cm. Similarly, in P. falcatus, LFR was much higher in the dry season than in the wet season, except in the upper 10 cm at 2 m distance from the bole. Root systems of P. falcatus and C. lusitanica became less homogeneous during the dry season.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SOIL-PLANT HYDROLOGY IN ETHIOPIA 1049 Both species extended their roots during the dry season to a larger soil volume by extending roots horizontally, increasing total LFR and allocating more resources to deeper layers. In contrast, E. globulus maintained a more or less constant root biomass throughout the year, both horizontally and vertically; although a minor shift from the upper 10 cm to the lower topsoil (10-35 cm) was observed, as well as a trend to increasing LFR at 100 cm depth.
Transpiration
Sap flow measurements ( 
Discussion
Based on the homogeneity of external factors and the similarity in age and planting density of the plantations, differences between treatments can be interpreted as species effects. In the P. falcatus-dominated natural forest, the differing canopy structure can be expected to have a great influence on physiological behavior (Hunt and Beadle 1998, McJannet and . The inclusion of P. falcatus was essential in order to have a reference representing long-term site adaptation. Moreover, this species is seen as a potential future competitor to the fast-growing exotics for timber production in large-scale plantations. Although published data on the soil-plant hydrology of C. lusitanica and P. falcatus are scarce, the inclusion of E. globulus allowed us to relate our results to many studies (Whitehead and Beadle 2004) . The findings of our experiments in Munessa Forest were internally consistent for the study species. The δ 18 O of soil and plant water showed similar trends in seasonality of water uptake as the LFR allocation, i.e., a shift to water uptake from deeper layers in the dry season. Isotopic evidence and soil matric potential measurements both indicated the same processes of water redistribution, i.e., faster transport under P. falcatus both upward and downward, and matric flux under E. globulus with displacement of soil water from upper layers after rain. The most intense positive response of transpiration to water availability identified in the sap flow measurements for P. falcatus was in agreement with the variability in Ψs measured by the tensiometers. The different mechanisms of water acquisition of the species were also reflected in their root architecture.
Eucalyptus globulus
The behavior of E. globulus appeared to be primarily related to its deep root system, which is a typical feature of this genus (Stone and Kalisz 1991) . In sub-humid Congo, for instance, roots of Eucalyptus hybrids have been found to a depth of 9 m, with severe soil water depletion around these tap roots (Laclau et al. 2001) . The dimorphic root architecture of E. globulus has been shown to support high rates of transpiration and photosynthesis in dry conditions by switching from lateral roots to 1050 FRITZSCHE ET AL.
TREE PHYSIOLOGY VOLUME 26, 2006 tap roots for water uptake (Dawson and Pate 1996) . Similarly, the flexibility of other Eucalyptus species has been noted in the capacity to resort to groundwater use if necessary (Thorburn et al. 1993, Thorburn and Walker 1994) . In addition, Dawson and Pate (1996) stressed the importance of tap root activity in sustaining major lateral roots during the dry season, permitting a quick response to wetter conditions in the nutrient-rich topsoil. Furthermore, a 15 N labeling study on our experimental plots revealed fast tracer uptake after the dry season by E. globulus (H. Fischer, unpublished data; University of Bayreuth, Bayreuth, Germany).
The LFR of E. globulus was in the range established by other studies (Jones et al. 1999 , Moroni et al. 2003 . The low pervasion of soil by E. globulus fine roots may lead to an overestimation of soil water status, as it causes degradation of soil structure and a reduction of pore space, decreasing water capacity. The minimal seasonality of LFR in our study is explained by the reliance on tap roots for water acquisition. Besides a favorable light climate (Lemenih et al. 2004a, Yirdaw and Luukkanen 2004) , reduced competition for water may be another reason for the lush understory vegetation (White et al. 2002) .
Transpiration rates of an E. globulus stand in Portugal decreased consistently as the dry season progressed from 3.6 to 0.5 mm day -1 (David et al. 1997) . The maximum rate was higher than in Munessa (3.2 mm day -1 ), attributable to younger trees (8 years) in Portugal (Roberts et al. 2001) . A decline in transpiration with soil drying is a commonly observed phenomenon in trees, including P. falcatus and C. lusitanica in this study. For E. globulus, however, we measured an increase in transpiration rates under the high-radiation, high-VPD conditions of the dry season. The discrepancy in transpiration trends between our study and the study of David et al. (1997) may result primarily from site differences: the trees were growing on a sandy plain in Portugal subject to steady depletion of soil water, whereas the trees were growing on a slope extending over more than 500 m in elevation in Munessa, providing a sufficient water reservoir to deep-rooting trees. Although enhanced transpiration of Eucalyptus spp. accessing groundwater during dry periods has been reported from Australia (O'Grady et al. 1999 , Eamus et al. 2000 , McJannet and Vertessy 2001 , only the results of O'Grady et al. (1999) showed a magnitude of seasonal variation and a range of daily transpiration (0.5 to 1.9 mm day -1 ) comparable to our findings. To explain the enhanced transpiration, O'Grady et al. (1999) proposed a mechanism that has been identified in well-watered pot experiments of E. globulus by Pate and Dawson (1999) namely that, although leaf δ 13 C values revealed effective stomatal control, this was insufficient to compensate for higher water loss at high VPD (Pate and Dawson 1999) . The ecological significance of increased dry-season transpiration on canopy water flux remains unclear, but it may be minor if understory fluxes make a major contribution to total evapotranspiration (O'Grady et al. 1999) . Cook et al. (1998) reported that understory fluxes in northern Australia may amount to 50% of total evapotranspiration.
Cupressus lusitanica
For C. lusitanica, the only comparable data available are sap flow measurements on Cupressus sempervirens L. var. horizontalis trees planted in rows in Israel (Schiller et al. 2004) . Sap flow ranged from 0.2 to 1.6 mm day -1 , declining in dry periods to less than 15% of wet season sap flow. Although quantitatively similar, this range is wider than in our study (1.2 to 2.3 mm day -1 ), attributable to the lower age of the trees (15 years) with only 50% of the DBH in a canopy of 1000 trees ha -1 (Schiller et al. 2004) . The low values are probably a consequence of the dry climate in southern Israel, which receives only about one third as much rain as Munessa, and the sandy soil resulting in faster depletion of soil water.
Among species, soil was generally driest under C. lusitanica. This is attributable to the high canopy interception (Ashagrie 2005) and to the shallow root system with large LFR, which takes up water from the topsoil effectively, but cannot access deep resources (Table 2) . Despite the increased LFR allocation to deeper soil layers, the δ 18 O values indicated that deep soil uptake was insignificant in the dry season. The absence of deep roots makes C. lusitanica more vulnerable to drought stress and wind damage, and minimizes nutrient recovery from deeper layers, as indicated by a 15 N labeling study (H. Fischer, unpublished manuscript). Unlike forests with dense understory, direct evaporation appeared to be of some importance in the bare C. lusitanica plantations, leading to steeper topsoil δ 18 O gradients. In the wet season, C. lusitanica increased physiological activity, but strongly reduced LFR at 2 m distance from the bole (Figure 6 , open symbols), indicat- ing that water acquisition is the primary role of the more costly distal roots. Seasonality in LFR of C. lusitanica partly reflects its fine root architecture with a high proportion of first-order fine roots (authors' unpublished observations), and a shorter fine root lifespan (Pregitzer et al. 2002) .
Podocarpus falcatus
A strong response of transpiration to water availability in combination with a shallow apparent depth of water uptake indicates lower water consumption by P. falcatus. Strong stomatal regulation probably contributed to the quick relaxation of soil matric potential after ephemeral wetting. This is corroborated by data from the same study site on the leaf-scale dependency of transpiration on VPD (Fetene and Beck 2004) and on leaf δ 13 C revealing a higher water-use efficiency of P. falcatus compared with E. globulus (Lüttge et al. 2003) . However, canopy effects such as decoupling of atmospheric fluxes and shading may over-emphasize the specific physiological regulation of transpiration in P. falcatus (Hunt and Beadle 1998) .
The tap roots of P. falcatus appeared to be less effective than the tap roots of E. globulus. However, their performance could be masked by hydraulic redistribution, directing a considerable proportion of the water extracted by the tap roots through the fine roots to the topsoil with a lower water potential. The low soil hydraulic conductivity and the high root density make hydraulic redistribution likely in the natural forest (Ryel et al. 2002) . Water redistributed passively through roots can amount to more than 30% of the available soil water in the upper layers and 60% of water taken up by single species (Brooks et al. 2002) , but an inverse water gradient can also lead to a downward flow through roots (Ryel et al. 2003) . The importance of hydraulic redistribution has already been described for environments similar to our study site (Meinzer et al. 2004 , Oliveira et al. 2005 . Although it is beyond the capacity of tensiometry to assess this process directly, the major extent of hydraulic redistribution in the natural forest is indicated by: (a) the high variability in soil matric potential under P. falcatus at 50 and 100 cm depth; (b) the close similarity between xylem water and topsoil δ 18 O throughout the sampling period; and (c) the small gradient in isotopic signature between the topsoil and subsoil. Conversely, the plantation species are less suited for hydraulic redistribution, because they lack tap roots and dense fine roots, respectively (Brooks et al. 2002 , Ryel et al. 2002 . From the ecosystem perspective, the fast equilibration of soil water potential under P. falcatus and the resulting regulation of topsoil water content appeared to confer a substantial benefit on the indigenous species, promoting root vitality, soil life and thus nutrient availability (Caldwell et al. 1998 , Jobbagy and Jackson 2001 , Querejeta et al. 2003 . Tracer studies with 15 N and 34 S support the conclusion of more active nutrient cycling under P. falcatus than under the exotic species (H. Fischer, F. Fritzsche, unpublished data). Further investigations on the hydraulic conductivity of roots of indigenous and exotic tree species and direct root sap flow measurements are needed to elucidate the impact of root systems on the surrounding soil.
Ecological implications
Our soil-plant hydrology study revealed species-specific water utilization traits that influenced ecosystem water budget. The natural forest appeared to be the most complex system with strong feedback by the dominant P. falcatus. Feedbacks included (a) reduced transpiration during the dry season; (b) effects on soil structure through the maintenance of high LFR; and (c) hydraulic redistribution through the root system. These characteristics sustain soil quality and ecosystem diversity. The exotic plantation species differed from P. falcatus in several ways. Although transpiring more water, E. globulus tapped deeper water resources and was therefore largely independent of seasonal water availability. Notwithstanding its higher productivity, the root pattern observed in E. globulus could have several ecological drawbacks. Low LFR appears to degrade soil structure with adverse consequences on water, nutrient and gas transport, and the extraction of groundwater can affect river discharge on a catchment scale (McJannet et al. 2000) , exacerbating regional water shortages. However, high topsoil water content under E. globulus allows indigenous species to regenerate (Feyera et al. 2002) thereby increasing floristic and structural diversity. Soil under the shallow-rooting species C. lusitanica was markedly drier than under the other two species. The shallow-rooting system made C. lusitanica susceptible to drought-related failure in dry years. It represents a major obstacle for natural regeneration, degrading the soil seed bank and forcing human action to change species composition. The information we obtained about indigenous and exotic species with contrasting mechanisms of water use may help to categorize site adaptability of other species considered for afforestation, thereby facilitating development of sustainable silvicultural systems.
